A simple biomechanical test with real-time displacement and strain mapping is reported, which provides displacement vectors and principal strain directions during the mechanical characterization of heart valve tissues. The maps reported in the current study allow us to quickly identify the approximate strain imposed on a location in the samples. The biomechanical results show that the aortic valves exhibit stronger anisotropic mechanical behavior than that of the pulmonary valves before 18% strain equibiaxial stretching. In contrast, the pulmonary valves exhibit stronger anisotropic mechanical behavior than aortic valves beyond 28% strain equibiaxial stretching. Simple biochemical tests are also conducted. Collagens are extracted at different time points (24, 48, 72, and 120 h) at different locations in the samples. The results show that extraction time plays an important role in determining collagen concentration, in which a minimum of 72 h of extraction is required to obtain saturated collagen concentration. This work provides an easy approach for quantifying biomechanical and biochemical properties of semilunar heart valve tissues, and potentially facilitates the development of tissue engineered heart valves.
Introduction
Heart valve leaflets are thin, collagenous tissues whose anisotropic biomechanical function depends intimately on the biochemical composition and structure. 1 In disease states, the leaflets can become too stiff or too floppy. A common theme, however, in both stenotic and myxomatous disease is disturbance of the finely tuned structure-function relations governing heart valve homeostasis. 2 Toward understanding the valves and how best to replace them, numerous studies have focused on characterizing their mechanical behavior, [3] [4] [5] microstructural organization, 6, 7 and molecular and cellular level compositions. [8] [9] [10] However, while their essential anatomic peculiarities have been acknowledged for nearly a century, 11 heart valve leaflets continue to challenge investigators, particularly in the context of tissue engineering. 12 Tissue engineering approaches aim to generate living native-like prosthetics from combinations of cells and biodegradable polymer scaffolds. 13 The motivation for heart valve tissue engineering stems from the limitations of current replacement valves. In particular, while lifesaving, bioprosthetic valves and cryopreserved valve allografts are not permanent in young to middle-age patients, as they incur progressive calcific 14 and fatiguerelated 15 degeneration during implantation. By contrast, mechanical valves, while effectively permanent, give rise to nonphysiological hemodynamics 16 and are thrombogenic, requiring lifelong anticoagulation with associated bleeding risks. Perhaps paramount are the implications for pediatric patients, for whom the lack of growth potential that is characteristic of current nonviable valve replacements mandates periodic reoperation with associated risks of morbidity and mortality. 17 Introduced by Shinoka et al., 18 heart valve tissue engineering has since invoked the full gamut of available technologies, ranging from noninvasively accessible stem cells 19 to pulsatile flow loop bioreactors. 20 Indeed, while superficially simple, heart valve leaflets are complex tissues whose characterization, let alone recapitulation, has historically relied on mastery of specialized biochemical assays and mechanical test equipment.
Hallmarks of heart valve leaflets are their nonlinear, anisotropic mechanical response and web-like collagen network. While their prototypical soft tissue stressstrain curves-comprising toe, transition, and linear regions-can be obtained by conventional uniaxial tensile testing, 21 formulation of structure-based constitutive models amenable to simulating in situ deformation has traditionally relied on biaxial testing. 22, 23 In particular, biaxial tensile testing data retain the influence of axial coupling, allowing for more precise predictions under generalized loading conditions. Biaxial testing devices, however, are generally custom-built and are significantly more complex than their uniaxial counterparts, including computer-coordinated control of two loading axes and optical mapping of tissue strains. 24, 25 For the heart valve tissue engineer, a relatively simple, commercially available biaxial tester could facilitate testing and accelerate development.
The BioTester 5000 (CellScale Biomaterials Testing, Waterloo, ON, Canada) was introduced in 2008 as a turnkey biaxial test system. 26 Designed for testing planar tissues and biomaterials under physiologic conditions, the BioTester has previously been applied to materials ranging from human sclera 27 to annulus fibrosa. 28 In the current study, a BioTester was used to characterize the biaxial mechanical responses of porcine aortic valve (AV) and pulmonary valve (PV) leaflet tissues, providing a comparison with previously reported data, and establishing a basis for future applications. In addition, real-time motions of image features are provided, such as sample deformation and principal strain axes evolution during mechanical characterization of heart valve tissues. The maps reported in the study allow an individual to quickly identify the approximate deformation and principal directions imposed on a location in the sample. Furthermore, a biochemical analysis of collagen concentration in the heart valve tissues is also reported. Four different collagen extraction times are used, and the results indicated that the extraction time plays an important role in determining collagen concentration in native tissues. Therefore, the current study provides quantitative mechanical and biochemical data for semilunar valve tissues.
Material and methods

Mechanical characterization of heart valve tissue
Briefly, five porcine hearts from large sows (greater than 300 lbs) are obtained from the Nahunta Pork Center (Pikeville, NC) immediately after slaughtering and are returned to the laboratory within 60 min of sacrifice for dissection. The AV and PV are dissected from each heart, and the leaflets are removed from their respective roots. The removal is completed by cutting axially along the aorta and pulmonary artery toward the heart until the valves are reached. Each leaflet is then stretched out and held taut while being cut against the wall of the artery represented by the dashed line in Figure 1 (a). A total of 13 AV and 13 PV leaflet samples are prepared ( Figure 1 
For the biaxial testing, each of the six AV and PV leaflet samples (;7 mm 3 7 mm) is marked according to the Cartesian coordinate system: the x-axis represents the circumferential direction and the y-axis represents the radial direction of the heart valve tissues. Three dots are marked with a surgical marker after the samples are cut to size: one of the dots acting as the origin and the other two made to define each axis A biaxial tissue tester (BioTester 5000), equipped with two load cells (500 6 1 mN) for each axis of loading, is used for measuring the force and displacement of the semilunar heart valve tissue leaflets ( Figure 2 ). The measured values are used to further obtain stress-strain curves and to calculate the parameters of the material's stiffness. Synchronized time lapse video for real-time monitoring and postprocess analysis is provided by the charged-couple device (CCD) camera, which acquires images with a pixel resolution of 1280 3 960 at an acquisition rate of 15 Hz, with a lens focal length of 75 mm (Figure 2 (a)). A temperature-controlled saline bath with data logging capability provides a physiological environment for testing soft tissue specimens.
Specimen mounting is considered as one of the major challenges of biaxial testing. 26, 29 For example, artifacts such as suturing procedures usually cause discrepancy in results due to inconsistent boundary conditions. In contrast, BioRakes provide fast and accurate sample mounting: each BioRake consists of five tungsten tines used to anchor one edge of the specimen 26 ( Figure 2 (b)). Four rakes provide uniform attachment across the edges of the samples and evenly distribute load spanning 4 mm in length on each side of the sample (Figure 2(c) ). This unique feature not only assures the control of boundary conditions but also significantly reduces the variability between sample sizes. In other words, if the sample size prepared is larger than 4 mm 2 , the active loading area remains 4 mm 3 4 mm. After the sample is mounted, the sample is lowered into the HBSS bath, which is heated to 37°C to simulate an in vivo physiological environment. The heart valve leaflet samples are tested up to 35% strain on both axes with a 15-s stretch and a 15-s recovery, with no hold time. The image tracking and analysis software (LabJoy; CellScale), an integrated image analysis module for BioTester, is used to capture corresponding displacement and strain maps in AV and PV samples during equibiaxial testing.
Microstructures of the collagen fibers and cell nuclei are preserved for microscopic investigation via histological preparation. Histological photomicrographs of AV and PV leaflet samples are prepared as follows: The leaflets under 0% strain were fixed in 10% (v/v) buffered formalin, paraffin embedded, sectioned, and stained with Masson's trichrome. The collagen fibers stained by Masson's trichrome appear blue, whereas the cell nuclei appear dark brown to black. Each histological slide cutting in the x-y plane (en face section) is quantified from the fibrosa layer. The histological slides were digitized as photomicrographs via a Leica DM LB optical microscope (Leica Microsystems, Wetzlar, Germany) at 4003 magnification using techniques adapted from published articles. 9
Biochemical analysis of heart valve tissue
Collagen concentrations (collagen types I, III, and V) of the semilunar valve leaflets are determined via an assay kit (Sircol; Accurate Chemical & Scientific Corp., Westbury, NY) by using techniques adapted from published articles. [30] [31] [32] [33] In brief, 84 samples (;25 mm 3 1 mm 3 1 mm) obtained from seven valves are prepared. For each valve, three samples are cut from the belly region and three samples are cut from the free edges of the leaflets (Figure 1(a) ). The samples are weighed using an analytical balance (VWR, West Chester, PA).
Collagen extraction. To allow the collagen to be extracted from the tissue, 100 mL of collagen extraction solution is prepared, composed of 97.14 mL of distilled water, 2.86 mL of 17.5 N acetic acid (Sigma-Aldrich, St. Louis, MO), and 100 mg of pepsin (Sigma-Aldrich). A temporal parametric study is performed to obtain maximum collagen concentration from heart valve tissues. Collagen extraction solution of 1 mL is added to each tube, and samples are placed on a vortex mixer (VWR, West Chester, PA) for 24, 48, 72, and 120 h, respectively. The collagen concentration is quantified based on the precalculated collagen standard curve described as follows.
Collagen standard curve. Four standards are prepared using 0.5 mg/mL collagen standard (Sircol; Accurate Chemical and Scientific Corp., Westbury, NY) with four different volumes: 100 mL, 50 mL, 25 mL, and blank: 0 mL. The mass of collagen is calculated based on the concentration and volumes, and results in 50, 25, 12.5, and 0 mg, respectively. Four extraction solutions, 0, 50, 75, and 100 mL, respectively, are then added to four microcentrifuge tubes to make up a total volume of 100 mL for each tube.
Collagen content quantification. The collagen content is dyed with 1 mL of reagent (Sirius red dye, picric acid, and surfactants), dissolved in 1 mL of alkali reagent, and quantified via a spectrophotometer (Thermo Fisher Scientific, Waltham, MA). A collagen standard curve (y = 0.0246x, R 2 = 0.9963) is established via four absorbance values from the standards, where y is the absorbance value at 550 nm, x is the mass of collagen, and R is the correlation coefficient between x and y. The collagen masses of 84 samples are calculated by comparing absorbance values to that of the collagen standards. The collagen concentration of each sample is then calculated by normalizing to the wet weight of the individual collagen sample.
Statistical analysis
Data are presented as the means 6 standard deviations. The number of experimental samples is represented as n. Student's t-tests are used to test differences in population means. Differences with p \ 0.05 are considered significant.
Results and discussion
Mechanical properties of heart valves
After averaging over measured stress versus strain for AV and PV leaflets samples under equibiaxial testing, the results are shown in Figure 3 . The plot shows the correlation between the strain and the resulting stress in the circumferential (x-axis) and radial (y-axis) directions for both AV and PV tissue samples. The stress-strain curves are calculated based on the displacements of 81 tracked points, as defined inside the red boxes ( Figure 4 ). These red boxes are user defined and located 1.5 mm inward from the boundary. The aim is to reduce any potentially confounding effects on the stress-strain data associated with potential stress concentrations and/or inhomogeneous strains manifesting in the peripheral region of the tissue specimen gripped by the rakes. In Figure 3 , three zones are observed: zone 1 is between 0% and 18% strain stretching, zone 2 is between 18% and 28% strain stretching, and zone 3 is between 28% and 35% strain stretching. Under equibiaxial stretching, it is observed that high standard deviations exist when samples are tested above 18% strain. It could be due to the sensitivity of load cells and where force data were collected and averaged inside the red boxes. Piecewise parameters of material stiffness of valvular tissues in three zones are listed in Tables 1 and 2 , and values are expressed as means 6 standard deviations for AV and PV samples. Stress-strain curves in zone 1 provide moduli of elasticity of AV and PV tissues and stress-strain curves in zones 2 and 3 provide tangent moduli of elasticity. The differences between the direction-dependent stress versus strain curves in AV and PV tissue samples are mainly due to collagen fiber arrangements. 7, [34] [35] [36] Most of the collagen fibers in AV and PV align circumferentially, and therefore, stiffer mechanical properties in the x-direction are observed, whereas collagen fibers in the PV sample are more randomly distributed than the ones in the AV samples ( Figure 5 ).
Mechanical behaviors and their relation to collagen fiber microstructures
In zone 1 (0%-18% strain), it is observed that the stiffness in the x-direction is more than twice that in the ydirection for AV samples (E (1) AVx /E (1) AVy = 2.6), suggesting that AV has a slightly anisotropic material property in zone 1 (Table 1 and Figure 3 ). In contrast, the stiffness is comparable in the x-and y-directions for PV samples (E (1) PVx /E (1) PVy = 0.969), suggesting that PV exhibits an isotropic material property in zone 1. This could be due to randomly distributed collagen fibers in PV samples not being fully aligned along the circumferential direction before reaching 18% biaxial stretching, as shown in Figure 5 . The result also shows that AV samples are more than 7 times stiffer than PV samples in the xdirection (E (1) AVx /E (1) PVx = 7.8), but in the y-direction, AV Figure 3 ). It is suggested that collagen fibers in AV samples align with the circumferential direction sooner than those in the PV samples before reaching 18% biaxial stretching.
In zone 2 (18%-28% strain), it is observed that the stiffness in the x-direction is more than 7 times higher than that in the y-direction for both the AV and PV samples (E tan (2) AVx /E tan (2) AVy = 7.0 and E tan (2) PVx /E tan (2) PVy = 8.13, respectively), as shown in Table 2 and Figure 3 . This finding is comparable to the one reported by Lewinsohn et al. 3 via uniaxial tensile testing and correlates well with the range in previous mechanical characterization studies via force-control biaxial testing. 23, 25, 36 The similar x to y ratio for the mechanical property observed in zone 2 suggests that the distribution of collagen fibers along the circumferential direction versus that along the radial direction is comparable in both AV and PV samples: the degree of anisotropy of fiber distribution is similar. AV samples are twice as stiff as PV samples in both the x-and y-directions (E tan (2) AVx /E tan (2) PVx = 2.0 and E tan (2) AVy /E tan (2) PVy = 2.3), and it is suggested that collagen fibers exhibit similar arrangements in the AV and PV samples between 18% and 28% strain (Table 2 and Figure 3 ). However, it is still not clear which intrinsic biological characteristic gives rise to the interesting microstructure features of collagen fibers that reflect back to the measured mechanical property in zone 2.
In zone 3 (28%-35% strain), it is observed that the stiffness in the x-direction is more than 4 times higher than that in the y-direction for AV samples (E tan ( Figure 3 ). The decreased x to y ratio of this mechanical property in AV samples suggests that collagen fibers experience most realignment and straightening in zone 2, and therefore exhibit a linear elastic mode in zone 3. Different results are observed for PV samples and indicate that the stiffness in the x-direction is more than 8 times higher than that in the y-direction in zone 3 (E tan ( Figure 3 ). This suggests that collagen fibers exhibit higher anisotropy in PV than that in AV in zone 3. Therefore, a higher degree of straightening is required for collagen fibers to be fully aligned between 28% and 35% strain stretching for PV samples, suggesting that collagen fibers are more randomly distributed in the PV leaflets than in the AV leaflets. It is observed that the stiffness is similar in the x-direction for both AV and PV samples (E tan ( Comparing to the result in zone 1, an almost 10-fold increase in the stiffness in the x-direction for AV samples is observed (E tan (2) AVx /E tan (1) AVx = 9.3), whereas a substantial increase (;36 times) in the stiffness in the x-direction for PV samples is measured (E tan (2) PVx / E tan (1) PVx = 36). In contrast, only three-and fourfold increase in the stiffness in the y-direction for both AV and PV samples is observed (E tan (2) AVy /E (1) AVy = 3.43 and E tan (2) PVy /E (1) PVy = 4, respectively). These results confirm that this highly anisotropic material property in heart valve tissues is dominated by the orientation of circumferentially aligned collagen fibers. 7, 34, 36 Moreover, collagen fibers in PV samples exhibit stronger realignment beyond 18% strain, and the materials exhibit anisotropically, rather than isotropically, as ones observed in zone 1.
Comparing the ratios in zone 2 (E tan ( It has been observed that the peak level of physiological strain experienced by the PV in vivo is approximately 35%; in the current in vitro study, it was recognized in pilot experiments that PV samples began to tear when stretched above 35% strain, consistent with observations reported in other studies. 37, 38 In this study, it is intended to conduct a parametric study comparing AV and PV mechanical properties. Therefore, tissue samples are biaxially stretched only up to 35% strain. For details on how AVs mechanically behave above 35% strain, the reader should refer to other studies. 3 
Real-time strain maps in heart valve tissues
Corresponding macroscopic appearances of AV and PV samples under equibiaxial testing are captured via an integrated image analysis module of BioTester. This imaging tracking and analysis software was used to review and analyze images collected during our biaxial testing (Figure 2(c) ). Motion of image features, such as specimen texture and fiducial markers, was recorded and used to study localized AV and PV sample deformations, strain magnitudes, and principal axes ( Figure  4) . Relaxed AV and PV samples before the equibiaxial testing are shown in Figure 4 
Collagen concentration
The collagen concentration is calculated by normalizing the wet weights of individual collagen samples at different time points (24, 48, 72 , and 120 h), in which the averaged weight of AV leaflet samples in the belly region and the free edge are 0.0336 and 0.0186 g, respectively. The averaged weights of the PV leaflet samples in the belly region and the free edge are 0.0241 and 0.0161 g, respectively. It is observed that the extraction time plays an important role in determining collagen concentration in native tissues, for which a minimum of 72 h of extraction is required to obtain a saturated collagen concentration ( Figure 6) ; the collagen concentration in native heart tissues after 72 h is more than twice as much as those after 24-h extraction.
It is suggested that tissue engineered heart valve constructs should be designed to have native collagen concentration values comparable to native ones extracted for 72 h, as reported in the current study. Furthermore, the result shows that the collagen concentration is location dependent. It is observed that samples from free edges have higher collagen concentrations than those from belly regions, in both AV and PV samples. It was recently demonstrated that branching fiber bundles could be observed via polarized light microscopy along free edges of heart valve leaflets. 6 Our result suggests that our higher measured collagen concentration at free edges can be attributed to these fiber bundles, which begin at the annulus and branch as they traverse toward the belly region of the leaflets. Finally, the result shows that native PV tissue samples have higher collagen concentrations than those in the native AV tissue samples ( Figure 6 ), suggesting that collagen concentration is valve type dependent. The lower concentration found in AV samples is attributed to the wet weight in the current study. Since AV samples have higher average wet weight, lower collagen concentration is obtained. Although AVs have higher mechanical strength than that of PVs, previous studies have shown that elasticity moduli are correlated with collagen cross-link concentration, rather than collagen concentration in the leaflets. 38 Since collagen concentration extraction time is the focus of the current study, readers should refer to Balguid et al. 38 for more details about cross-links in native heart valve tissues.
Conclusion
In the current study, a synergy approach is reported and aimed at understanding the interplay of heart valve tissue mechanical property and microstructures, with special emphasis on collagen content over different extraction time. The current study provides a simple method to investigate the mechanical properties of heart valve tissues with corresponding real-time displacement vectors and principal strain maps. The maps reported in this study allow an individual to quickly identify the approximate strain imposed on a location in the sample, as well as to detect any potential grip effects that generally cause discrepant results due to inconsistent boundary conditions. Moreover, en face microstructures of collagen fibers are panoramically examined and are correlated to the mechanical behavior of heart valve tissue leaflets. From the measured stress-strain curves, three zones are observed. In zone 1 (0%-18% strain), AV has a slightly anisotropic material property; however, PV exhibits an isotropic material property. In zone 2 (18%-28% strain), the distribution of collagen fibers along the circumferential direction versus that along the radial direction is comparable in both AV and PV samples, suggesting that collagen fibers exhibit similar arrangements in the AV and PV samples. In zone 3 (28%-35% strain), collagen fibers exhibit higher anisotropy in PV than that in AV. Moreover, the stiffnesses of AV and PV samples in both the circumferential and radial directions are consistently two-and threefold higher than ones in zone 2, suggesting that collagen fiber alignment in both AV and PV tissues is saturated when samples are stretched above 28% strain. In addition, the collagen concentration in the native semilunar heart valves are also reported, and it is observed that the extraction time plays an important role in determining collagen concentration in native tissues. The current study provides quantitative mechanical and biochemical data for semilunar heart valve tissues. The result of the study will culminate in synergistic activities between experimental and clinical efforts aimed at breakthroughs in the clinical treatment of heart valve diseases and the development of tissue engineered heart valves. 
